Abstract Finite water depth effect for wave-body problems are studied by continuous Rankine source method and non-desingularized technique. Free surface and seabed surface profiles are represented by continuous panels rather than a discretization by isolated points. These panels are positioned exactly on the fluid boundary surfaces and therefore no desingularization technique is required. Space increment method is applied for both free surface source and seabed source arrangements to reduce computational cost and improve numerical efficiency. Fourth order Runge-Kutta iteration scheme is adopted on the free surface updating at every time step. The finite water depth effect is studied quantitatively for a series of cylinders with different B/T ratios. The accuracy and efficiency of the proposed model are validated by comparison with published numerical results and experimental data. Numerical results show that hydrodynamic coefficients vary for cylinder bodies with different ratios of B/T. For certain set of B/T ratios the effect of finite water depth increases quickly with the increase of motion frequency and becomes stable when frequency is relatively large. It also shows that water depths have larger hydrodynamic effects on cylinder with larger breadth to draft ratios. Both the heave added mass and damping coefficients increase across the frequency range with the water depths decrease for forced heave motion. The water depths have smaller effects on sway motion response than on heave motion response.
Introduction
Offshore structure shape has large impact on hydrodynamic characteristics of the floating bodies. In offshore engineering, when the draft of a floating body is not small compared to the water depth, the hydrodynamic effects of finite water depth cannot be ignored and the influence increases with water depth decreases (Van Oortmerssen, 1976) . Some practical examples are the evaluation of floating structures operated in near shore or coastal waters. Yu and Ursell (1961) developed a multipole expansion method to examine the behavior of a semi-circular cylinder excited in an oscillating heave motion and the amplitude of the generated wave shows good agreement with experimental data. Kim (1969 Kim ( , 1975 extended the multipole expansion method for the circular cylinder to include heave, sway and roll oscillatory motions in water of finite depth. Bai (1977) divided the fluid domain into inner and outer regions. The former is described by finite elements and in the outer region the radiation potential is presented by a set of eigenfunctions with unknown coefficients. These unknown coefficients are derived by matching the boundary condition on the interface of the two regions and by satisfying conditions associated with finite water depth. Hydrodynamic coefficient data is derived over a wide frequency range with special focus on zero frequency behavior for two-dimensional circular and rectangular cylinders. Yeung (1981) further extended this method to investigate three-dimensional vertical cylinder. Though this method gives a comprehensive theoretical understanding of the finite water depth problem but it is only capable to analyze simple and symmetrical body shapes. Andersen and He (1985) followed the method of Bai (1977) but replaced the finite element method with a simple Green function method. This panel method can deal with arbitrary body shape and is more numerically efficient than the finite element method. The free surface Green function method in deep water condition can be modified to describe fluid-structure interaction problem in the finite water depth conditions. The Rankine source method coupled to other numerical techniques provides a robust approach to deal with vari-ous boundary conditions problems. This method distributes Rankine sources along free surfaces as well as other fluid domain surfaces to satisfy various boundary conditions. By placing isolated points as control points on the free surface and source points away from these control points, Rankine source method avoids singularity integrals and only the lnr (for the two-dimensional case) or 1/r (for the three-dimensional case) term needs inclusion in the integral kernel. This method has been developed as a robust numerical tool to solve various water wave and wave-body interaction problems (Cao et al., 1991a; Lee, 1992; Huang, 1997; Finn, 2003; Zhang et al., 2006 Zhang et al., , 2010 Bandyk and Beck, 2011; Wang et al., 2015) .
The application of isolated source points to replace a continuous free surface profile may cause large discrepancies if they are not properly distributed. Traditionally, the free surface is divided into inner and outer domains (Lee, 1992) . A number of source points are evenly located in the first 3 wavelength in inner domain and exponentially distributed in the outer domain. The number associated to each wavelength in the inner domain is carefully selected as it determines the numerical accuracy and efficiency of the chosen numerical scheme of study. The exponential distribution in the outer domain allows a large area of free surface to be covered and therefore long term numerical simulation can be executed without surface wave reflections. This distribution method is discussed extensively in the literature for various wave-body interaction problems (Cao et al., 1991b; Cao, 1991; Lee, 1992; Beck et al., 1994; Kring, 1994; Lee, 2003; Bandyk, 2009; Zhang et al., 2010; Feng et al., 2015) . In addition, the free surface boundary condition is not exactly satisfied on the free surface but only at the source points which are placed above the free surface in the desingularized method. This causes numerical errors to occur during the numerical simulation.
Recently Feng et al. (2014) discretized free surface profile into continuous Rankine source panels. The integral of Rankine source on a continuous panel is analytically evaluated rather than using numerical approximation and therefore numerical errors caused by isolated Rankine sources are eliminated. Also in that paper an increasing source point space distribution method is developed to replace the even space method. This numerical technique places higher density source points near the floating body and lower density points away from the body. Through this method, the number of source points is reduced and therefore the computational cost is significantly reduced with numerical accuracy kept or increased. The underlying reason for this is that the source points closer to the floating body are of raised strength and therefore their importance increases compared to those located further away.
Following these advanced numerical methods, Feng et al. (2016) further discretize free surface and seabed surface profiles into continuous Rankine source panels and these panels are located exactly on the free surface and seabed surfaces. By this means the introduction of a desingularized technique is avoided and numerical error and instability arising from this treatment are eliminated. A circular cylinder is studied to show the effect of seabed on the hydrodynamic response of this type of floating body. Numerical results demonstrate that water depth significantly influences the hydrodynamic characteristics of this type of floating body.
The hydrodynamic performance of floating body is very sensitive to body shape (Bai, 1977) . The cylinder shapes with various B (half breadth) /T (draft) ratios are very popular in offshore structures. In order to study the seabed effects on these various floating shapes and supply valuable suggestions in offshore engineering, a series of cylinders with different B/T ratios undergoing forced oscillation motions have been studied by applying the welldeveloped numerical techniques in the author's previous researches.
In this study a linear free surface condition is assumed due to the small amplitude of body motion and a fourth order Runge-Kutta scheme is adopted in the free surface time stepping iteration process. All the numerical simulation is performed in time domain and the results are transformed into frequency domain for the purpose of direct comparison. Fig.1 shows a coordinate frame of reference OXZ with origin O at the centre of a two-dimensional body floating in a fluid domain of finite water depth. The fluid domain Ω is bounded by a free surface S f , body surface S b , seabed surface S 0 and an enclosing surface at infinity S ∞ . The body undergoes forced oscillatory motion in either heave or sway motion. Its position is given by the displacement function
Problem Formulation

Fluid Motion Equations
at time t for an amplitude a and frequency ω. The instantaneous velocity of this is: The fluid flow is assumed irrotational and its descriptive velocity potential φ is subject to the Laplace equation 
The body boundary condition is given by
where n b is the unit normal vector pointing into the fluid domain.
The linear kinematic and dynamic free surface boundary conditions are given by
and
respectively, where η denotes the wave elevation and g is the gravitational acceleration.
The boundary condition applied on the far field boundary at infinity requires that the disturbance vanishes such that:
It is assumed that no flow can penetrate the solid seabed boundary and therefore
where n 0 is the unit normal vector pointing into the fluid domain. By utilizing the Gauss divergence theorem, Laplace Eq. (3) and the application of the Dirichlet boundary value problem to the exterior domain of the fluid field, Lamb (1993) expresses the velocity potential φ as a boundary integral of Rankine sources continuously distributed on the fluid boundary
Here we denote control point X'=(x', z'), source point X=(x, z), the body source strength σ b =σ(X', t), free surface source strength σ f =σ(X', t) and seabed source strength σ 0 = σ(X', t).
Numerical Simulation Process
In this paper, the fluid domain surface S is discretized by continuous Rankine source panel rather than isolated Rankine source points. These panel sources are located exactly on the fluid domain surface S and therefore with no desingularized technique applied. The flowchart of numerical process is presented in Fig.2 and more detailed information can be found in our previous work (Feng et al., 2016) . At any time t during the numerical simulation, the body and seabed boundary conditions are described by Eqs. (4) and (8). The free surface conditions are updated according to Eqs. (5) and (6) by a fourth-order Runge-Kutta method, starting from t =0, through expressions 
Fluid Domain Panel Distribution
The fluid domain surface is composed of a body surface S b , free surface S f and seabed surface S 0 . These surfaces are approximated by continuous panels instead of isolated source points. These panels coincide with their respective surface profiles and the source point on each panel is located at the same position as the control point. Therefore, no desingularization technique is required in the present numerical simulation. Fig.3 shows surface panel distribution associated with the body oscillating in water depth H above fixed, solid seabed. To approximate the free surface in the inner domain, the source panel distribution method discussed by Feng et al. (2014) is adopted in this study. For vertical body motions, the wave-body problem is treated symmetrically with the left hand side free surface sources arranged as a mirror image of the right hand side. For horizontal body motions, both right and left hand free surface source descriptions are needed. The general theory developed herein only requires slight modifications to treat either vertical or horizontal body motions. For example, the right hand side of S f is divided into inner and outer domains distributed with source grid points f j X ′ . The horizontal distances of neighbouring free surface control (source) points are expressed in the form:
( 1)/2 1 2 = 1.05
where L b is the length of the body surface panel covering the intersection point of the body and free surfaces. a j are parameters which define the separation distances and they are determined according to Feng (2014) . In this distribution scheme from the intersection points outwards, the importance of the source panel points decreases as the distance increases. The seabed surface is also divided into inner and outer domains. The source panels are evenly distributed under the floating body on the seabed surface. For the other part of the seabed, the distribution of source panel are exactly the same as that on the free surface.
Numerical Results
The numerical simulation is performed adopting a series of rectangular cylinder with a half breadth (B) to draft (T) ratio B/T=1.0, B/T=2.0 and B/T=4.0 (shown in Fig.4 ) in Section 3.1 and circular cylinder in Sections 3.2 and 3.3. The body oscillatory amplitude a is 0.1T for all cases. The free surface boundary condition is satisfied on the calm water surface and the body boundary condition is satisfied on the mean wetted body surface due to the chosen small amplitude oscillatory motion. At t =0 the gravity and buoyancy forces equate. The floating body is disturbed by a vertical upward velocity to excite heave motion and a horizontal velocity to excite sway motion. 
Rectangular Cylinder Oscillatory Heave
Motion Problem In this paper fourth-order Runge-Kutta iterative method is applied for free surface updating. In order to examine the convergence of the proposed method, numerical simulation is first performed for rectangular cylinder with B/T= 1.0 experiencing forced heave motion with frequency ω=1.0 at H=2.0T. Table 1 shows the comparison of added mass coefficient A 33 for different body panel numbers N b between the present method and the numerical result of Yeung (1973) . It can be seen that A 33 reduces gradually and gets closer to the value of Yeung (1973) with the panel number N b increasing. The value of A 33 becomes very stable when panel number N b ≥80. This numerical test demonstrates the high efficiency and accuracy of the proposed iterative method and N b =80 is selected throughout the present study. g ω ω = in this study. Fig.5 shows the comparison of the predicted heave added mass coefficient A 33 between the current method, numerical results of Bai (1977) and numerical data of Yeung (1973) for rectangular cylinder with B/T=1.0 oscillating in heave motion at H=2.0T. The current method results show fairly good agreement with these published data.
To investigate the seabed effects on this series of rectangular cylinder, numerical simulation is further carried out for these bodies with both deep water and finite depth water conditions. In order to show the seabed effect, coefficient C I is defined as 33 33 Table 2 shows C I for rectangular cylinder with B/T ratios 1.0, 2.0 and 4.0 under water deep conditions H=∞ and H=2T. For certain set of B/T ratio C I generally increases rapidly with the increase of motion frequency ω and becomes stable when frequency is relatively large. Take B/T=1.0 for example: C I is 10.3% for ω=0.6 and rises up to 20.4%, and 21.6% for ω=0.9 and ω=1.0 respectively. This indicates that the hydrodynamic coefficient of floating body becomes more sensitive to the seabed effect as frequency ω increases when ω is smaller than roughly 1.0. It is also observed that C I increases significantly with ratio B/T. Coefficient C I is only 10.3% for B/T=1.0 and it goes up to 32.8% and 95.7% for B/T=2.0 and B/T=4.0 respectively. This demonstrates that the seabed imposes larger effect on body with larger B/T ratio. In other words, hydrodynamic coefficient A 33 are more sensitive to the seabed effect for body with larger B/T ratio. 
Circular Cylinder Oscillatory Heave
Motion Problem Numerical simulation is further performed for a circular cylinder with half breadth to draft ratios B/T=1.0, 2.0 and 4.0 under different water depth conditions. Fig.6 shows comparison of heave added mass coefficient A 33 (a) and damping coefficient B 33 (b) , evaluated by the proposal method with the numerical results of Ursell (1949) and numerical results of Porter (1960) . Ursell (1949) The seabed imposes a significant influence on the wavebody interaction problem. Fig.7 shows comparisons of heave added mass coefficient A 33 (a) and damping coefficient B 33 (b) for a cylinder with B/T=1.0 in water depths H=∞, H=2.0T and H=1.5T. The numerical results by the proposed method are compared with the numerical results of Bai (1977) and numerical prediction of Andersen and He (1985) . All the current numerical predictions show good agreements with the published data. It is observed that both the added mass coefficient A 33 and damping coefficient B 33 increase with the water depth H except at low frequency (ω ≤1). The added mass coefficient A 33 for infinity water is larger than that for water depth H=2.0T. cylinder with B/T=2.0 than with B/T=1.0. This implies that the seabed has more significant influences on larger B/T ratio than on smaller one for circular cylinder. Fig.9 demonstrates the comparison of the time record of vertical force F 33 (t) for a circular cylinder with B/T=2.0 oscillating in heave motion with motion frequency ˆ1.0 ω = at various water depths H=∞. H=2.0T and H=1.5T. As can be seen, the amplitude of force F 33 (t) increases significantly with the water depth decrease but no phase shit is observed for different water depths.
Circular Cylinder Oscillatory Sway
Motion Problem The wave-body problem is investigated for the floating body forced in oscillatory horizontal motion on free surface of water in this section. Numerical simulation starts for wave-body problem in infinite water depth. Fig.10 shows comparisons of sway added mass A 22 (a) and damp-ing coefficient B 22 (b) calculated by the proposal method with the experimental data of Tasai (1961) and numerical results of Kim (1965) who adopts a free surface Green function model. The proposed method results show good agreement with these sets of published data for a series of between the current method, the experimental data of Tasai (1961) and numerical results of Kim (1965) for a series of circular cylinders oscillating in sway motion for infinite water depth H=∞. circular cylinders with ratio B/T=1.0, B/T=2.0 and B/T= 4.0. Fig.11 shows comparisons of sway added mass coefficient A 22 (a) and damping coefficient B 22 (b) for a cylinder with B/T=1.0 in water of depths H=∞, H=2.0T and H=1.5T. The numerical results by the proposed method are compared with the experimental data of Tasai (1961) for water depth H=∞ and numerical prediction of Andersen and He (1985) for water depth H=2.0T. All the current numerical predictions show good agreement with the published data. It can be observed that the added mass coefficient A 22 tends to reduce with the water depth H decreases whereas damping coefficient B 22 increase with the water depth H decreases when the frequency ω is approximately smaller than 1.3. However when the frequency ω is larger than 1.3 both added mass coefficients A 22 and damping coefficients B 22 are almost invariant of water depths. Fig.12 shows the comparison of the time record of horizontal force F 22 (t) for this circular cylinder with B/T=1.0 oscillating in sway motion with motion frequency ˆ1.0 ω = at various water depths H=∞, H=2.0T and H=1.5T. It is observed that there is little difference for F 22 (t) between different water depths cases. The water Fig.11 Comparison of the predicted sway added mass coefficient A 22 (a) and sway damping coefficient B 22 (b) between the current method, numerical results of Tasai (1961) and numerical results of Andersen and He (1985) for a series of circular cylinders with B/T=1.0 oscillating in sway motion in water of various depths. depths have much less hydrodynamic effects on the wavebody problems for forced sway motion than for the heave motion.
Conclusions
A continuous Rankine source panel method coupled with non-desingularized technique is applied to study floating body experiencing forced oscillating motion with emphasis on finite water depth effect. The fourth order Runge-Kutta method is interpolated to update the free surface boundary condition at every time step. This numerical model shows very good convergence in the numerical test and its accuracy is validated by comparing the present results with published data for both deep water and finite depth water.
The hydrodynamic coefficients vary for cylinder bodies with different ratios of B/T. For certain set of B/T ratios the effect for finite depth water increases rapidly with the increase of motion frequency ω and becomes stable when frequency is relatively large. The seabed imposes much more significant influences on larger B/T ratio than on smaller one.
The numerical simulation demonstrates both heave added mass and damping coefficients increase with the water depths decrease for forced heave motion. The situations are quite different for sway added mass and damping coefficients when the body is experiencing sway motion. Generally the water depths have less effects on sway motion response than on heave motion response. The added mass coefficients decrease and the damping increase with the water depths are reduced when motion frequencyω is smaller than 1.3. The water depths have little effects for both these two hydrodynamic coefficients when motion frequencyω is larger than 1.3.
